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Abstract 
The stability of TiO2 aqueous suspensions is significant on catalytic efficiency for hydrogen 
production from water. For improving the stability of TiO2 suspensions, a new method that coupling TiO2 
nanoparticles on ZrP nanoplatelets is proposed, which is differ from the traditional methods of adding 
various surfactants. Comparing 50 days long term stability of three samples, which are TiO2 suspensions, 
mixture of TiO2 and exfoliated ZrP suspensions, exfoliated TiO2/ZrP couples suspensions, the results 
show that the stability of exfoliated TiO2/ZrP couples suspensions is the best and it could keep 62% of 
initial concentration on the 50th day. TiO2 nanoparticles could not aggregate into bigger particles as they 
are loaded on the surface of nanoplatelets is the main reason for improving stability, and the viscosity of 
exfoliated TiO2/ZrP couples suspensions are much higher than TiO2 suspensions. 
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1. Introduction 
TiO2 is the catalyst which has a key function on the process of hydrogen production by solar energy. 
Since 1972, Fujishima and Honda have found that ultraviolet light could electrolyze water into hydrogen 
and oxygen by the catalysis of TiO2 semiconductors [1]. Researchers around world have great interest on 
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the method of hydrogen production by solar energy. Through research on the properties of catalyst TiO2 
for years, researchers found that TiO2 nanoparticles have better catalytic performance than thin film or 
other shapes because of its quantum effect, surface effect and carrier diffusion effect [2]. However it is 
not very easy to disperse TiO2 nanoparticles in aqueous suspensions and keep them uniform and stable, as 
their high surface energy leads to a trend of aggregation and sedimentation that would decline catalytic 
efficiency.  
The most common method for improving the stability of nanoparticles suspensions is adding 
different type’s surfactants as dispersant corresponding with different type’s nanoparticles, such as 
sodium dodecyl benzene sulfonate [3], Hexadecyl trimethyl ammonium bromide [4] and 
polyvinylpyrrolidone [5] which are anionic, cationic and nonionic, respectively. For electrostatic 
stabilization system, adjusting pH value [6] is an effective method.  
ǹ-zirconium phosphate (Į-ZrP) is a kind of layered inorganic compounds which has much unique 
features such as easy to prepare, low polydispersity, large specific surface area, etc. The hydrogen atom 
of P-OH groups which is on the surface of Į-ZrP is easy to exchange, so that specific reagent could 
exfoliate it into monolayer whose thickness is nearly several nanometers. Exfoliated ZrP suspensions 
could keep stable for long term, because of its surface charge and excluded-volume effect [7]. Our 
preliminary experimental studies indicate that the size of TiO2 nanoparticles aggregation would decrease 
by the hindrance effect of ZrP nanoplatelets without the use of organic surfactants. However the size 
reduction of TiO2 nanoparticles is limited just mixing them together by physics means [8]. 
Based on the above discussion, we present using ZrP nanoplatelets supports containing TiO2 
nanoparticles to improve stability of their aqueous suspensions in this paper. Then we study the method of 
loading TiO2 nanoparticles on ZrP and compare the stability of exfoliated TiO2/ZrP suspensions with the 
mixture of TiO2 and exfoliated ZrP suspensions as TiO2 in DI water. We also investigate dispersion 
mechanism of TiO2/ZrP couples in DI water from their properties.  
2. Experiment
2.1. Preparation procedure of TiO2/ZrP couples suspension 
Fig. 1. (a) The SEM image of Į- ZrP nanoplatelets; (b) the TEM image of TiO2; 
(c) The SEM image of TiO2/ZrP; (d) the TEM image of exfoliated TiO2/ZrP 
 
ǹ-ZrP nanoplatelets were synthesized by the hydrothermal method described in Ref. [7]. The 
morphology of Į-ZrP nanoplatelets is shown in Fig. 1. (a), observed by an S-3400N scanning electron 
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microscope (SEM). 3-(Triethoxysilyl) propyl isocyanate (IPTS, C10H21NO4Si, A.R., Alfa Aesar) was a 
kind of silane coupling agent for coupling TiO2 and ZrP. Dimethyl sulfoxide (DMSO, C2H6OS, A.R., 
Tianjing Damao Chemical Reagent Factory, China) was employed as the solvent. The average diameter 
of Anatase titanium dioxide (TiO2, Alfa Aesar) was 32 nm. The morphology of TiO2 was observed using 
a JEOL-2100 transmission electron microscope (TEM), shown in Fig. 1. (b). Tetra-n-butylammonium 
hydroxide (TBA+OH-, 40 vol. % in water, Alfa Aesar) is served as the exfoliating agent of ZrP 
nanoplatelets.  
The Zirconium phosphate loading TiO2 (TiO2/ZrP) was synthesized three-step approach, which is 
illustrated in Fig.2. Firstly, 1g Į-ZrP was mixed with 80ȝl IPTS in 50 ml DMSO. After reaction for 24h at 
65ć, several gram H2O was added into the system for hydrolysis. Then TiO2 was added in previous 
mixture, with stirring 1 hour and ultrasonic vibration 1 hour. After drying and grinding, TiO2/ZrP was 
obtained. As illustrated in Fig.1. (c), TiO2 nanoparticles uniformly distribute on the ZrP nanoplatelets’ 
surface.  
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Fig.2. Chemical structure diagram of coupling process 
 
TiO2/ZrP was exfoliated by TBA+OH- for ultrasonic vibration 30 minutes in DI water. The ratio is 1g 
ZrP in TiO2/ZrP corresponds to 2.2 ml TBA+OH- . The TEM image of the exfoliated TiO2/ZrP is shown 
in Fig.1. (d). where only a portion of the monolayer ZrP disks load of TiO2 nanoparticles. 
 
2.2. Preparation of sedimentation experiment’s samples 
There are three samples prepared for sedimentation experiment, which are TiO2 suspensions, the 
mixture of TiO2 and exfoliated ZrP suspensions, exfoliated TiO2/ZrP couples suspensions. Here we sign 
them TiO2-DW, TiO2&ZrP, TiO2/ZrP for convenience. TiO2-DW is adding 1g TiO2 into 100ml DI water; 
TiO2&ZrP is mixing 1g TiO2 with 100ml exfoliated ZrP suspensions whose concentration is 2 wt.%; and 
TiO2/ZrP is adding 3g TiO2/ZrP (mass ratio of TiO2:ZrP is 1:2) into 100ml DI water, then exfoliate it into 
suspensions. The mass fraction of TiO2 nanoparticles are all samples 1%, and the mass fraction of ZrP are 
both 2% in TiO2&ZrP and TiO2/ZrP. Weighting method is used for measuring concentration of 
suspensions. For experiment accuracy, only parts of suspensions at 1/5 of the liquid column height near 
surface are taken to weigh mass and be dried. 
3. Discussion 
Fig.3. shows the chemical structure’s change of Į-ZrP coupling with TiO2 by IPTS, in which only 
surface layer functional groups of layered compound Į-ZrP are displayed. As the functional group of –
NCO on the IPTS is very activity, which could react with hydroxyl on the surface of Į-ZrP. Only after all 
P-OH having reacted with –NCO, water could be added for hydrolysis of terminational alkoxy on the 
IPTS, which led to the generation of Si-OH groups. Dehydration reaction between Si-OH and Ti-OH on 
the surface of TiO2, generate the chemical bond of Si-O-Ti. So that TiO2particles had been bond on the 
surface of ZrP nanoplatelets by IPTS’s effect. 
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Fig. 3. FT-IR spectrum of ZrP and TiO2/ZrP 
 
 
Fig.4. Cartogram of concentration’s change percentage on 
sedimentation process, photograph of TiO2 suspensions, the 
mixture of TiO2 and exfoliated ZrP suspensions, exfoliated 
TiO2/ZrP suspensions at beginning, 25th day and 50thday.
 
Fig.4. shows the results of concentration’s change percentage of three samples and photograph shot 
at background light source. TiO2 nanoparticles in all samples are dispersed uniformly and stably at the 
beginning, and their concentrations are assumed as 100%. On the 25th day, the concentration percentages 
on the upper parts of TiO2-DW, TiO2&ZrP and TiO2/ZrP remain 20%, 87% and 96% respectively. On the 
50th day, almost TiO2 nanoparticles in TiO2-DW dropped down to the bottom. In TiO2&ZrP and TiO2/ZrP 
suspensions, the concentration percentage of TiO2 nanoparticles still existed 31% and 62%. Thus it can be 
seen that the stability of the TiO2/ZrP suspensions is the best, and TiO2 suspensions is the worst. 
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Fig.5. the rheological properties curves of TiO2 suspensions, the mixture of TiO2 and exfoliated ZrP suspensions, exfoliated 
TiO2/ZrP suspensions. 
 
The result of adding into exfoliated ZrP nanoplatelets could improve the stability of TiO2 nanoparticles 
suspension is very interesting. It is necessary to explore the dispersion mechanism of TiO2 nanoparticles 
facilitated by the presence of ZrP nanoplatelets. Fig.5. shows the rheological properties of the three samples. 
The shear rate varies from 1 s-1 to 1000 s-1.  TiO2&ZrP and TiO2/ZrP curves decline slowly with shear rate 
increasing. DI water curve declines constantly and tends to constant 0.9h10-3Pa·s. The viscosity of TiO2-
DW is close to other samples at low shear rate but far away at high shear rate, meanwhile is 1.15h10-3Pa·s 
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which is very close to DI water’s result at high shear rate. When shear rate is 1000 s-1, the viscosity of 
TiO2&ZrP is 13.1h10-3Pa·s, of TiO2/ZrP is 17.8h10-3Pa·s, which are 11.4 times and 15.5 times of TiO2-
DW respectively. 
As classical Stokes formula and its other corrected editions say, the viscosity of suspension is an 
important parameter affecting the sedimentation rate of particles. In general, the sedimentation rate of 
nanoparticles aggregation declines with the viscosity of suspensions increasing. The viscosities of TiO2&ZrP 
and TiO2/ZrP suspensions are more than 10 times of TiO2 suspensions, so the former two owing better 
stability than the last one.  
However, only viscosity is not enough to explain the results because the viscosities of TiO2&ZrP and 
TiO2/ZrP suspensions are approximate, but the stability of them is very different. Another factor to influence 
the state of TiO2 in suspension is the size of TiO2 aggregation, which decides the weight of TiO2 aggregation. 
The bigger it is, the more easily drop down. When the TiO2 loaded on ZrP one by one, the position of each 
TiO2 aggregation is fixed relatively. The various inter-particle interactions such as electrostatic, polarization, 
entropic, hydrodynamic and etc. cannot make the TiO2 aggregation separate from the ZrP nanoplatelets.  
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Fig.6. Particles size distribution of TiO2 at (a) the beginning (b) the 50th day 
 
Average size of TiO2 nanoparticles The beginning The 50th day 
TiO2&ZrP suspensions 220 nm 526 nm 
TiO2/ZrP suspensions 234 nm 312 nm 
Table 1.Average size of TiO2 nanoparticles in TiO2&ZrP and TiO2/ZrP suspensions at the beginning and the 50th day 
 
Dynamic Light Scattering (DLS) is an effective method to measure the particles size distribution, only 
used to the single shape particle. Fig.6. shows the particle size distribution of TiO2 at the beginning and the 
50th day. The results show that though single particle’s size is 30 to 50 nm, particles have aggregated at the 
beginning, and average size is 246 nm. On the 50th day, average size is 695 nm, a considerable part even is 6 
to 7 ʅm. As the existence of ZrP nanoplatelets of disk shape, DLS method is not suitable for measuring TiO2 
nanoparticles’ size in TiO2&ZrP and TiO2/ZrP suspensions. And we have to calculate means sizes of TiO2 
nanoparticles by observing TEM images of TiO2&ZrP and TiO2/ZrP suspensions. Table 1.is the calculated 
statistics results which show the average size of TiO2 nanoparticles in TiO2&ZrP suspension increases from 
220 nm to 526 nm, and in TiO2/ZrP suspensions increases from 234 nm to 312 nm. The average size’s 
increment of TiO2 nanoparticles in TiO2/ZrP suspensions is much less than in TiO2&ZrP suspension, 
because TiO2 nanoparticles are fixed on the surface of ZrP nanoplatelets so that cannot aggregate into bigger 
particles. 
4. Conclusions 
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z By the effect of silane coupling agent IPTS, TiO2 nanoparticles could be loaded on ZrP 
nanoplatelets evenly. This kind of TiO2/ZrP couples can enhance the stability of TiO2 in aqueous 
suspension greatly.  
z The addition of exfoliated ZrP nanoplatelets can increase the viscosity of TiO2 suspensions. 
z TiO2 loaded on the surface of ZrP nanoplatelets leads to the decrease of average size’s TiO2 
aggregation comparing to the TiO2 & ZrP suspension. 
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